We report on experimental investigation of supercontinuum generation in YAG and sapphire crystals using 1.1 ps, 1055 nm laser pulses. Under loose focusing conditions a stable single filament is generated without the onset of optical damage within the input power range of 6 to 10 P cr , as verified from the near and far field measurements, and which gives rise to stable and reproducible supercontinuum spanning from 460 nm to 1.4 μm in YAG, and from 410 nm to 1.3 μm in sapphire. Permanent material modification, which develops under multiple laser shot exposure, is identified as the main limiting factor, which deteriorates the intensity distribution of the filament and dramatically alters the supercontinuum spectra.
Introduction
White light continuum or supercontinuum (SC) generation in bulk dielectric media is a simple and very efficient method for production of broadband radiation with excellent spatial and temporal coherence properties at various parts of the optical spectrum and finds numerous applications in ultrafast pump-probe spectroscopy and contemporary nonlinear optics. During the last decades, SC generation was intensively studied in a variety of wide-bandgap solid-state media with femtosecond laser pulses, using amplified Ti:sapphire lasers as predominant pump sources, see e. g. [1] [2] [3] [4] [5] [6] [7] [8] [9] . More recently, efficient SC generation was also reported with ultrashort near [6, [10] [11] [12] [13] and mid [14, 15] infrared pulses from the optical parametric amplifiers, resulting in ultrabroadband, several octavespanning SC spectra. These experiments demonstrate that filamentation of femtosecond laser pulses in wide bandgap dielectric media could be safely performed by choosing proper, low numerical aperture focusing conditions, under which filamentation and SC generation take place without the onset of the optical damage.
On the other hand, supercontinuum generation with picosecond laser pulses has been performed so far in liquids and gases, where no permanent optical damage occurs [16] . However, supercontinuum generation with picosecond laser pulses in solid state media is always considered as a difficult task and poses stringent requirements for the nonlinear medium, such as high optical damage threshold, polishing and crystalline quality. Only recently stable SC generation in YAG and other laser host crystals has been studied with Ti:sapphire laser pulses of variable duration accessed via either spectral narrowing or pulse chirping [17, 18] and, somewhat later, with genuine sub-picosecond and picosecond laser pulses from a newly developed Yb:YAG Innoslab amplifier system [19, 20] . The latter works demonstrated its straightforward application to ultrabroadband table-top optical parametric chirpedpulse amplification (OPCPA)-based systems, where picosecond SC seeding markedly simplifies the overall setup, excluding the need of employing an optically synchronized broadband laser oscillator source.
Despite these efforts, SC generation in solid state media with picosecond laser pulses is still a poorly investigated topic and faces a number of challenges concerning optical degradation of the material and, eventually, catastrophic optical damage. In this paper we present a detailed study of SC generation in YAG and sapphire crystals using 1.1 ps pump pulses with a centre wavelength of 1055 nm. We identify the operating conditions for stable and broadband SC generation and reveal that permanent material modification, which develops under multiple laser shot exposure, is the main limiting factor, which should be carefully accounted for as far as further applications are concerned.
Experimental setup and materials
The experiment was performed using an amplified Nd:glass laser system (Twinkle, Light Conversion Ltd.), which delivers 1.1 ps, 1055 nm pulses with energy up to 5 mJ at 10 Hz repetition rate. The laser output beam was suitably attenuated, reduced in size, spatially filtered and thereafter loosely focused by an f = +225 mm lens into a 100 μm FWHM spot size at the input face of the nonlinear medium located at the focal plane of the lens. The input energy was varied by means of a neutral filter with variable density. The input energy range was chosen so as to avoid single-shot optical damage of the nonlinear medium. That was verified by monitoring the near-field intensity distribution of the output beam (filament) using a CCD camera (COHU with a Spiricon frame grabber) and the far-field SC pattern in the visible spectral range using a digital photocamera. High dynamic range spectral measurements were performed using two mutually calibrated fiber spectrometers (AvaSpec-2048, AvaSpec-NIR256-2.5, both from Avantes), altogether covering the 0.3-2.5 μm effective spectral range and operating in a single-shot regime. The SC spectra were composed of two laser shots and corrected according to sensitivity functions of the spectrometers and transmission of the colour filters, and a partially reflecting mirror for the suppression of the pump wavelength used in the measurement.
The nonlinear media used in the experiment were 15 mm long sapphire and YAG crystals. As the sapphire crystal is birefringent, its orientation was set so as the input beam propagated along the optical axis in order to avoid polarization dependent effects. Both crystals provide a useful combination of high nonlinearity and high optical damage threshold, and their relevant linear and nonlinear properties are listed in Table. Table. Relevant parameters of YAG and sapphire: n 0 and n 2 are linear refractive indexes, respectively, P cr is the critical power for self-focusing and F th is the damage threshold. Data from [21] [22] [23] .
Crystal 
Supercontinuum generation in YAG and sapphire
The spectral broadening in YAG was detected with the input pulse energy of 11 μJ, that corresponds to 7.1 P cr , where P cr = 0.15λ 2 /n 0 n 2 is the critical power for selffocusing. Figure 1 shows the examples of the SC spectra generated in YAG, as measured by increasing the input-pulse energy from 12 to 22 μJ. With the input pulse energy of 12 μJ the SC spectrum extends from 460 nm to 1.4 μm, with a clear spectral feature centred at 520 nm, which is referred to the so-called blue-peak [24, 25] , as shown in Fig. 1(a) . The inset shows a corresponding far field pattern of the visible part of the SC emission (as photographed 20 cm away from the output face of the YAG crystal), which is dominated by green spectral components, associated with the intense blue peak. With increasing the input pulse energy, no further blue-shifted broadening is recorded, as indicated by a fairly stable cut-off wavelength at 460 nm. However, the blue peak itself experiences a marked broadening up to 700 nm, as shown in Fig. 1(b) , also verified by the emergence of strong yellow-red emission in the far field, shown in respective insets. At the same time, there is a slight increase of the red-shifted spectral broadening up to to 1.5 μm, which is accompanied by a slight deterioration of the far field SC emission pattern, as illustrated in Fig. 1(c) . In the sapphire crystal the SC generation is observed at almost twice higher input pulse energies, owing to its smaller nonlinearity and thus larger critical power for self-focusing, see Table. The spectral broadening in the sapphire crystal was detected with the input pulse energy of 20 μJ, that corresponds to 6.3 P cr . The SC spectra as measured at the output of the sapphire crystal are presented in Fig. 2 and show the same relevant features as those recorded in YAG. With the input pulse energy of 21 μJ the SC spectrum spans from 410 nm to 1.3 μm, with a distinct blue peak centred at 495 nm, as shown in Fig. 2(a) . The short wave cut-off wavelength of the SC spectrum is at 410 nm, which remains constant with further increase of the input pulse energy, while the red-shifted spectral broadening slightly extends up to 1. distributions as recorded at the output face of the YAG crystal with the input energy of 12 μJ and the sapphire crystal with the input energy of 21 μJ, respectively. In both cases, the recorded intensity distributions attest formation of a narrow single filament with a ~20 μm FWHM diameter of the central core, which carries approximately 10% of the total input energy, as verified by spatial integration of the intensity profiles. A stable single filament formation regime in YAG is maintained within quite broad input pulse energy margins, in the 11-22 μJ range, whereas formation of a single filament in sapphire was observed in the slightly reduced, 21-25 μJ input energy range. Fig. 3 . Normalized spatial intensity profiles of (a) the input beam at the front face of the nonlinear medium, and the single filament at the output face of (b) YAG and (c) sapphire samples, as recorded with the input pulse energies of 12 and 21 μJ, respectively. 
Under these operating conditions, we investigated the statistical properties of the SC spectra, which are of importance as far as applications of the SC emission, e. g. for seeding the optical parametric amplifiers, are considered. The statistical results of picosecond SC in YAG in the 400-950 nm range are summarized in Fig. 4 . Figure 4 (a) depicts 2000 consecutive SC spectra (shown by multiple grey curves) as recorded in a single-shot regime with the input pulse energy of 12 μJ and demonstrates that all SC spectra exhibit well-reproducible shapes and stable spectral intensity. The fluctuations of the SC spectral intensity are expressed by the root-mean-square (RMS) error and are plotted in Fig. 4(b) . The SC fluctuations in the wavelength range of 650-950 nm are generally less than 10% and attest good stability of the SC, as measured with RMS of the input pulse energy fluctuations of 5%. On the other hand, the SC spectral intensity at the vicinity of the blue peak shows markedly increased fluctuations, which are typical statistical features observed in the case of SC generation with femtosecond laser pulses as due to intrinsic intensity and phase noise present in the input pulses, see e. g. [7] for details. It has to be mentioned, however, that femtosecond pulses in general produce much more stable SC, whose fluctuations are of the same order as the laser pulse fluctuations themselves [6, 8] . Almost identical statistics and wavelength-dependent stability features of the SC were measured in sapphire (not shown), in the 21-25 μJ input pulse energy range, before the multiple filamentation occurs.
Impact of permanent material modification
The most critical issue in SC generation with picosecond laser pulses concerns permanent modification or even catastrophic optical damage of the solid-state nonlinear medium. In the measurements reported above, no catastrophic optical damage either of the output face or inside the bulk was observed in a single shot regime for the input energy range used in the experiments. The maximum input energy of 31 μJ corresponds to a fluence of 0.30 J/cm 2 , and the estimated fluence in the central core of the filament at the output of the nonlinear medium under conditions of stable SC generation is less than 1 J/cm 2 ; these values are safely below the threshold values for YAG and sapphire, as provided in Table. However, we observed that irradiation of the nonlinear medium by a certain number of consecutive laser shots eventually leads to permanent modification of the material, as verified by distortions of the output beam (filament) and the shape of the SC spectrum. For instance, permanent material modification at the filament site starts to manifest itself after approximately 2000 laser shots with the input pulse energy of 14.5 μJ in YAG and after approximately 18000 laser shots with the input pulse energy of 31 μJ in sapphire. On the other hand, with lower input energies, 12 μJ in YAG and 21 μJ in sapphire, i. e. under operating conditions which produce a single filament and stable SC generation, no permanent modification was detected after the same respective numbers of laser shots.
Although we did not perform detailed monitoring of modification dynamics, which in fact requires complex detection techniques, in what follows we demonstrate how the relevant output parameters (the spatial profile of the beam and the shape of the SC spectrum) become altered in a modified medium.
The beam distortions were examined by performing a simple quantitative test, by launching a low intensity laser beam (i. e. by simply reducing the power of the input beam well below the critical power for self-focusing) through the irradiated site and monitoring its output intensity profile. In an unmodified material, propagation of the input beam is just a subject to diffraction and the beam profile at the output exhibits a smooth, Gaussian-shaped intensity distribution, as shown in Fig. 5(a) . In contrast, permanent material modification results in the change of the refractive index at the irradiated site (at the filament core), thus producing an area with the altered refractive index which distorts the low intensity beam, as shown in Fig. 5(b). Figures 5(c) and (d) compare the intensity distributions of the filaments, which are formed in modified YAG and sapphire crystals, revealing clear differences as compared to the spatial intensity distributions of the filaments generated respectively. In particular, in the YAG crystal, the filament is apparently expelled out of the propagation axis, suggesting that the modified area has lower refractive index, which could be attributed to compressional stress induction [26] . In contrast, the modified area in sapphire is not so clearly confined, and we attribute this fact in part to the beam break-up into multiple filaments, whose spatial positions slightly vary from one laser shot to another, resulting in much larger affected volume. On the other hand, we may speculate that the marked differences in exposure time required to permanently modify YAG and sapphire crystals could be related to different dynamics of the electron trapping in the conduction band (e. g. colour centre formation) [28, 29] , which in turn induces additional energy bands strongly absorbing in the near infrared. Measurements of the transmitted energy also reveal that in the case of stable SC generation, approximately 15% of the input energy is nonlinearly absorbed in YAG, while twice smaller amount of energy (7%) is absorbed in sapphire. Relatively larger nonlinear absorption in YAG is attributed to the lower order of the multiphoton absorption; we estimate six photon absorption in YAG (E g = 6.5 eV), and nine photon absorption in sapphire (E g = 9.9 eV), with a single photon energy of 1.15 eV.
Finally, we verified that filamentation in the modified medium still leads to spectral broadening and SC generation, however, the recorded spectra exhibit distinct differences in the shapes of the SC spectra, as presented in Fig. 6 . Interestingly, the material (YAG in the present case) modification has no apparent effect on the position and spectral intensity of the blue peak, while the SC emission in the near-infrared (around 800 nm) spectral range becomes strongly, and even completely (at lower input pulse energy) suppressed.
We should mention that experiments of the SC generation in laser-modified fused silica reported a different character of changes of the SC spectra, i. e. showing a continuous spectral shrinkage in the visible range [27] . The observed differences could be attributed to the structural differences of the nonlinear media (amorphous vs crystalline) and possible onset of thermal effects, since the abovementioned experiments were performed at very high (100 kHz) repetition rate. 
Conclusions
In conclusion, we presented an experimental study of the SC generation in YAG and sapphire crystals with 1.1 ps, 1055 nm laser pulses. Stable and reproducible SC spectra spanning from 460 nm to 1.4 μm in YAG and from 410 nm to 1.3 μm in sapphire were generated in a single filament formation regime in loose focusing conditions, without the onset of the optical damage. We identify that permanent material modification that develops after irradiation by several thousands of successive laser shots and results in the change of the local refractive index is the main factor which strongly affects filament formation and alters the SC spectral shapes. Our results may be relevant concerning the development of simple, efficient and inexpensive tabletop OPCPA-based laser systems, which provide few optical cycle pulses and which are solely based on picosecond laser sources, see e. g. [30] . However, the temporal structure of picosecond supercontinuum, which is of importance for the above applications and whose measurements constitute a nontrivial experimental task, has still to be uncovered in future studies. From a general point of view, it is possible that picosecond filamentation dynamics resulting in spectral superbroadening may appear different as compared to that of femtosecond filamentation, due to the increased role of the free electron plasma generated by longer laser pulses.
